STUDY QUESTION: Does proviral integration site for Moloney murine leukaemic virus (PIM)1 kinase play a role in regulating the inflammatory processes of human labour and delivery?
Introduction
Complications of preterm birth are the single most direct cause of neonatal deaths, which number over 1 million per year (Blencowe et al., 2012) and accounts for over half of the long-term morbidities, such as neurodevelopmental impairments and respiratory and gastrointestinal disorders (Saigal and Doyle, 2008) . The three major precursors to preterm birth are (i) indicated (delivery for maternal and/or foetal reasons), (ii) spontaneous preterm labour with intact membranes and (iii) preterm pre-labour rupture of membranes (PPROM). PPROM occurs in~2% of all pregnancies, and is associated with 20-50% of preterm deliveries, depending on the population studied (Menon and Fortunato, 2004) .
Accumulating evidence has indicated that dysfunction of the immune system plays an important role in the pathogenesis of preterm birth. Inflammation is one of the two biggest aetiological factors involved in spontaneous preterm birth (Romero et al., 1994 ). An increase of immune cells infiltrating uterine tissues and foetal membranes play a central role in the inflammatory response, eventually leading to preterm birth (Gomez-Lopez et al., 2014) . Pro-inflammatory cytokines and chemokines such as interleukin (IL)-1β (IL1B), IL6, IL-8 (CXCL8) and monocyte chemoattractant protein-1 (CCL2) are markedly increased in myometrium, foetal membranes, amniotic fluid and maternal serum in pregnancies with infection (Goldenberg et al., 2000) , but also at term and in the absence of infection (Elliott et al., 2001) , indicating the causal role of cytokines during parturition. In addition, these pro-inflammatory cytokines affect the synthesis, metabolism and actions of prostaglandins, key components of the parturition process. Cyclooxygenase (COX)-2 (PTGS2) is inducible by cytokines such as IL1B and tumour necrosis factor (TNF), leading to the synthesis of prostaglandins in myometrium and foetal membranes (Molnar et al., 1993; Kniss et al., 1997; Challis et al., 2002) , thus leading to uterine activation. Cell adhesion molecules, such as intercellular adhesion molecule 1 (ICAM1), participate in leucocyte infiltration and homing and are induced or upregulated by TNF (Hadar et al., 2006) and spontaneous labour at term (Gomez-Lopez et al., 2013) .
Proviral integration site for Moloney murine leukaemic virus (PIM) proteins are a family of serine/threonine kinases that have recently been shown to play a role in inflammation (Shin et al., 2012; de Vries et al., 2014) . There are three PIM kinase family members (PIM1-3) and each are encoded by distinct genes. PIM1 is the best characterized PIM kinase. The PIM1 kinase gene encodes two isoforms with sizes of 34 and 44 kD through alternative initiation sites. Both proteins show comparable kinase activities in vitro (Saris et al., 1991) . In contrast to many protein kinases, the human PIM kinases lack a regulatory domain and, therefore, do not require phosphorylation for activation. The activity of PIM kinases is regulated at the level of expression by a number of mechanisms including transcription, translation and proteosomal degradation (Yip-Schneider et al., 1995; Bachmann and Moroy, 2005) . As a result, PIM kinases are constitutively activated when expressed (Qian et al., 2005) .
PIM1 is a primary response gene whose transcription is rapidly upregulated following treatment with mitogenic stimuli, a wide range of growth factors and pro-inflammatory stimuli (Wang et al., 2001; White, 2003; Shen et al., 2012) ; PIM1 is significantly induced by lipopolysaccharide (LPS) in RAW264.7 cells in vitro (Shen et al., 2012) and cigarette smoke in the lungs of mice (de Vries et al., 2014) . PIM1 is crucially involved in the control of cell growth, differentiation and apoptosis (Wang et al., 2001; Amaravadi and Thompson, 2005) . Recent evidence suggests that PIM1 may also play an important role in immune regulation and inflammation. Inhibition of PIM1 kinase ameliorates dextran sodium sulphate-induced colitis in mice (Shen et al., 2012) as evidenced by reduced pro-inflammatory immune response through the inhibition of the overactivation of macrophages and the down-regulation of excessive Th1-and Th17-type immune responses. Similarly, inhibition of PIM1 kinase prevents the development of airway inflammation and cytokine production in allergen-sensitized and allergen-challenged mice (Shin et al., 2012) . Conversely, conditional transgenic expression of PIM1 kinase induces inflammation in mice (Narlik-Grassow et al., 2013) .
The role of PIM1 kinase in inflammation-and infection-driven activation of pro-labour pathways is not known. The aims of this study were to explore the role of PIM1 kinase in the pathology of human labour and to assess whether inhibiting PIM1 kinase can modulate pro-labour and pro-inflammatory responses induced by inflammation or infection. We hypothesize that human labour and delivery and preterm chorioamnionitis would be associated with increased PIM1 expression in foetal membranes. In addition, we hypothesize that inhibition of PIM1, using a chemical inhibitors or siRNA, would be associated with decreased expression and secretion of pro-labour mediators in the presence of the bacterial products LPS and flagellin (used as models of intrauterine infection) or the pro-inflammatory cytokine TNF. We used two inhibitors of PIM kinases: the pan-PIM kinase inhibitor AZD1208, a thiazolidene that effectively inhibits all three PIM isoforms, and SMI-4a, a benzylidene-thiazolidene-2,4-dione, that potently inhibits PIM1 and modestly inhibits PIM2.
Methods

Tissue collection
The Research Ethics Committee of Mercy Hospital for Women approved this study (R04/29). Written, informed consent was obtained from all participating women. All tissues were obtained from women who delivered healthy, singleton infants. All tissues were brought to the research laboratory and processed within 15 min of the Caesarean delivery. For all studies described below, tissues from women with any underlying medical conditions such as diabetes, asthma, polycystic ovarian syndrome, preeclampsia and macrovascular complications were not included. Additionally, tissues from women with multiple pregnancies, obese women and foetuses with chromosomal abnormalities were not included.
Foetal membranes were obtained from women at (i) term, no labour undergoing elective Caesarean section (indications for Caesarean section were breech presentation and/or previous Caesarean section) (n = 9 patients; mean gestational age 39.3 ± 0.3 weeks) and (ii) term after spontaneous labour, spontaneous membrane rupture and normal vaginal delivery (n = 9 patients; mean gestational age 40.4 ± 0.2 weeks). Foetal membranes from the non-labouring group were obtained from the supracervical site (SCS). Identification of the SCS was performed as previously detailed (Lappas et al., 2011) . In the after labour group, foetal membranes were obtained from the site of membrane rupture as previously described (Lappas et al., 2011) . None of the patients received any medications to augment or induce labour, and the average ± SEM length of labour was 8 h 31 min ± 2 h 7 min. Tissue samples were snap frozen in liquid nitrogen and immediately stored at −80°C. The clinical details of the patients are detailed in Supplementary Table S1 .
Foetal membranes or amnion was also obtained from women at preterm birth for two studies on preterm labour and preterm chorioamnionitis. For these two studies, different patients were used, with the clinical details of the patients are detailed in Supplementary Table S2 (preterm labour study) and Supplementary Table S3 (preterm chorioamnionitis study). For the preterm labour study, foetal membranes (amnion and choriodecidua) were obtained from the following groups (i) Caesarean section in the absence of labour with intact membranes (artificial rupture of membranes at delivery; n = 9 patients; mean gestational age 33.3 ± 0.8 weeks); (ii) Caesarean section in the absence of labour with PROM (n = 9 patients; mean gestational age 33.0 ± 1 weeks) and (iii) after spontaneous labour and normal vaginal delivery (n = 9 patients; mean gestational age 33.6 ± 0.7 weeks). For the chorioamnionitis study, only amnion was collected as the choriodecidual tissue was degraded and could not be collected. Amnion was collected from (i) Caesarean section in the absence of labour (n = 8 patients; mean gestational age 33.6 ± 0.7 weeks) and (ii) Caesarean section in the absence of labour with histologically confirmed chorioamnionitis (n = 8 patients; mean gestational age 28.5 ± 1.5 weeks). The SCS could not be identified from preterm deliveries and thus, foetal membranes or amnion were obtained 2 cm from the peri-placental edge. Indications for preterm delivery (in the absence of labour) were placenta praevia, placental abruption, antepartum haemorrhage (APH) or Rhesus isoimmunization. PPROM was defined as spontaneous rupture of the membranes at <37 weeks gestation at least 1 h before the onset of any contractions. All placentas collected from preterm gestations were subject to histopathological examination and foetal membranes were swabbed for microbiological culture investigations. Chorioamnionitis was diagnosed pathologically according to standard criteria that included histological evidence of macrophages and neutrophils permeating the chorionic cell layer and often infiltrating the amniotic cell (Tita and Andrews, 2010) .
Western blotting
Western blotting was performed as previously described (Lappas, 2015b) . Samples of 20 µg protein was separated onto 10% polyacrylamide gels and transferred to nitrocellulose. Blots were incubated in 1.3 μg/ml rabbit polyclonal anti-PIM1 (cat no. HPA003941; Sigma-Aldrich; St. Louis, MO, USA) prepared in blocking buffer (5% skim milk in TBS with 0.05% Tween-20) for 16 h at 4°C. Membranes were viewed and analysed using the ChemiDoc XRS system (Bio-Rad Laboratories; Gladesville, NSW, Australia). Semi-quantitative analysis of the relative density of the bands in western blots was performed using Quantity One 4.2.1 image analysis software (Bio-Rad Laboratories, Hercules, CA, USA). The levels of PIM1 were normalized to the levels of β-actin (ACTB) (Sigma, St. Louis, MO, USA).
Tissue explant culture
Tissue explants were performed to determine the effect of the PIM kinase inhibitors SMI-4a and AZD1208 on pro-labour mediators in human term foetal membranes treated with bacterial products LPS or flagellin. For these studies, foetal membranes were obtained from women who delivered healthy, singleton infants at term (37-40 weeks gestation) undergoing elective Caesarean section in the absence of labour. Tissue explants were performed as previously described on foetal membranes obtained 2 cm from the peri-placental edge from nonlabouring women at the time of term Caesarean section (Lappas et al., 2011) . Tissues were pre-treated with 20 μM SMI-4a or 50 μM AZD1208 (both from AdooQ BioScience; Irvine, CA, USA) for 60 min before the addition of 10 μg/ml LPS (derived from Escherichia coli 026:B6; SigmaAldrich; St. Louis, MO, USA) or 1 μg/ml flagellin (purified flagellin from B. subtilis; InVivoGen; San Diego, CA, USA) for 20 h. The concentrations of SMI-4a and AZD1208 were based on previous studies in non-gestational tissues (Lin et al., 2010; Beharry et al., 2011; Kreuz et al., 2015) and an initial dose-response (data not shown). As SMI-4a and AZD1208 were solubilized in dimethylsulphoxide (DMSO), equal amounts of DMSO (0.1%, v/v) was added to the basal and LPS/flagellin alone treatment groups. After final incubation, tissue and media were collected separately and stored at −80°C for further analysis as detailed below. Experiments were performed on foetal membranes obtained from six patients.
Primary amnion cell culture
Fresh amnion (obtained 2 cm from the peri-placental edge) was obtained from women who delivered healthy, singleton infants at term (37-41 weeks gestation) undergoing elective Caesarean section in the absence of labour. Isolation and siRNA transfection of primary amnion cells was performed as we have previously described (Lappas, 2015b) . Briefly, cells at~50% confluence were transfected using Lipofectamine 3000 according to manufacturer's guidelines (Life Technologies; Mulgrave, Victoria, Australia). Cells were transfected with 50 nM PIM-1 siRNA (siPIM1) or 50 nM negative control siRNA (siCONT) in DMEM/F-12 for 48 h. Silencer ® Select Pre-Designed siPIM1 (catalogue number s10527) and siCONT (catalogue number 4 390 844) were obtained from Ambion (Thermo Fisher Scientific; Scoresby, Vic, Australia). The medium was then replaced with DMEM/F-12 (containing 0.5% bovine serum albumin) with or without 10 ng/ml TNF, and the cells were incubated at 37°C for an additional 24 h. Cells were collected and stored at −80°C until assayed for mRNA expression by qRT-PCR and protein expression by western blotting as detailed below. Media was collected and stored at −80°C until assayed for cytokine and prostaglandin release as detailed below. Cell viability was assessed by the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2 H-tetrazolium bromide (MTT) proliferation assay as we have previously described (Lim et al., 2014b) . The response to TNF between patients varied greatly, as we have previously reported (Lappas, 2015b) . Thus, data are presented as fold change in expression relative to the expression level in the TNF-stimulated siCONT transfected cells, which was set at 1. Data could not be normalized to siCONT transfected cells alone as some of the readings were 0. Experiments were performed from amnion obtained from five patients.
RNA extraction and qRT-PCR
RNA extractions and qRT-PCR was performed as previously described (Lim et al., 2016) . RNA quality and integrity were measured using a NanoDrop ND1000 and determined via the A 260 /A 280 ratio. RNA (0.5 μg for tissues and 0.2 μg for cells) was converted to cDNA using the highcapacity cDNA reverse transcription kit according to the manufacturer's instructions (Applied Biosystems; Waltham, MA, USA). The RT-PCR was performed using the CFX384 Real-Time PCR detection system (Bio-Rad Laboratories; Gladesville, NSW, Australia) using 100 nM of pre-designed and validated QuantiTect primers (primer sequences not available) (Qiagen; Chadstone Centre, Vic, Australia). Average gene Ct values were normalized against two housekeeping genes (β2-Microglobulin (B2M) and succinate dehydrogenase complex subunit A (SDHA)). Of note, there was no effect of experimental treatment on B2M or SDHA mRNA expression. Fold differences were determined using the comparative Ct method.
Cytokine, chemokine and prostaglandin assays
Assessment of cytokine and chemokine release of IL6, CXCL8 and CCL2 was assessed using the CytoSet™ sandwich ELISA kit according to the manufacturer's instructions (Life Technologies; Mulgrave, Victoria Australia). The limit of detection for the IL6, CXCL8 and CCL2 assays was 16, 12 and 15 pg/ml, respectively. The concentration of sICAM1 in the media was performed by sandwich ELISA according to the manufacturer's instructions (R&D Systems; Minneaplois, MN, USA). The release of prostaglandin F 2α (PGF 2α ) into the incubation medium was assayed using a commercially available competitive enzyme immunoassay kit according to the manufacturer's specifications (Kookaburra Kits from Sapphire Bioscience, NSW, Australia). The limit of detection for the PGF 2α enzyme immunoassay was 1.4 pg/ml. The interassay and intraassay coefficients of variation for all ELISA and enzyme immunoassays were <10%.
Gelatin zymography
Incubation media was also collected and assessment of enzymes of extracellular matrix (ECM) weakening and rupture matrix metalloproteinase-9, (MMP9) was performed by gelatin zymography as previously described (Lim et al., 2013) . Proteolytic activity was visualized as clear zones of lysis on a blue background of undigested gelatin. Gels were scanned using a ChemiDoc XRS system (Bio-Rad Laboratories; Gladesville, NSW, Australia) and densitometry was performed using Quantity One image analysis software (Bio-Rad Laboratories; Gladesville, NSW, Australia).
Statistical analysis
All statistical analyses were undertaken using GraphPad Prism (GraphPad Software, La Jolla, CA, USA). For two sample comparisons, either a paired or unpaired Student's t-test was used to assess statistical significance between normally distributed data; otherwise, the non-parametric MannWhitney U (unpaired) or the Wilcoxon (matched pairs) tests were used. For all other comparisons, the homogeneity of data was assessed by the Bartlett's test, and when significant, the data were logarithmically transformed before further analysis using a one-way ANOVA (with LSD posthoc testing to discriminate among the means). Statistical significance was ascribed to a P value < 0.05. Data were expressed as mean ± SEM.
Results
Effect of human term and preterm labour on PIM1 expression in foetal membranes PIM1 mRNA expression was significantly higher in foetal membranes obtained from women after spontaneous labour onset and delivery at term (Fig. 1A) . Although PIM1 is a single gene, two isoforms of PIM1 protein exist, PIM-1L (longer isoform, molecular mass of 44 kD, detected by western blotting at 50 kD) and PIM-1S (shorter isoform, molecular mass of 33 kD, detected by western blotting at 40 kD). There was no change in protein expression of PIM-1S (Fig. 1B) , however, protein expression of PIM-1L was significantly higher in foetal membranes after spontaneous labour onset and delivery at term (Fig. 1C) . PIM1 mRNA and protein expression (both PIM-1L and PIM-1S) was not different between nonlabouring and labouring foetal membranes obtained at preterm, nor from women with PPROM compared to preterm intact membranes (Fig. 1D-F) . In amnion from women with chorioamnionitis, PIM1 mRNA abundance and protein expression of PIM-1L was significantly higher in the preterm group with histologic chorioamnionitis compared to the preterm group without histologic chorioamnionitis (Fig. 1G,I ). There was no change in PIM-1S protein expression (Fig. 1H) .
Effect of PIM kinase inhibitors on proinflammatory cytokines and chemokines in human foetal membranes
We next sought to determine if inhibitors of PIM kinase can quench the expression of pro-inflammatory and pro-labour mediators induced by the bacterial products LPS or flagellin in foetal membranes. For these studies, foetal membranes were pre-incubated with SMI-4a (PIM1 and PIM2 inhibitor) or AZD1208 (PIM1, PIM2 and PIM3 inhibitor) followed by stimulation with LPS ( Fig. 2) or flagellin (Fig. 3) . As expected, LPS significantly increased IL6, CXCL8 and CCL2 mRNA expressions ( Fig. 2A-C) and secretion ( Fig. 2D-F) . Pre-incubation with SMI-4a or AZD1208 significantly decreased LPS-stimulated IL6 and CCL2 mRNA expressions and secretion. While SM1-4a decreased LPS-stimulated CXCL8 mRNA expression and secretion, there was no effect of AZD1208 on CXCL8 expression. Foetal membranes stimulated with flagellin significantly increased IL6, CXCL8 and CCL2 mRNA expressions (Fig. 3A-C) and secretion ( Fig. 3D-F) . Pre-incubation with SMI-4a significantly decreased flagellinstimulated IL6, CXCL8 and CCL2 mRNA expressions and secretion. Pre-incubation with AZD1208 significantly decreased flagellin-induced IL6 and CCL2 mRNA expressions and secretion. While there was no effect of AZD1208 on flagellin-induced CXCL8 mRNA expression, there was a significant reduction in flagellin-induced CXCL8 secretion.
Effect of PIM kinase inhibitors on LPS-induced prostaglandins, adhesion molecules and lipid peroxidation in human foetal membranes
To determine whether the effects of PIM kinase inhibitors on prostaglandin release occur at the transcriptional level, the mRNA expression of PTGS2, the time-limiting enzyme involved in prostaglandin formation, was measured by qRT-PCR. As shown by Fig. 4A , LPS significantly increased PTGS2 mRNA expression. There was no change in LPS-stimulated PTGS2 expression in foetal membranes treated with AZD1208, and the decrease by SMI-4a was not statistically significant. However, pre-incubation with SMI-4a and AZD1208 significantly decreased LPS-induced release of PGF 2α (Fig. 4B) .
The effect of PIM kinase inhibitors on LPS-induced expression of adhesion molecules was also determined. Treatment of foetal membranes with LPS significantly increased mRNA expression of ICAM1 (Fig. 4C ) and release of sICAM1 (Fig. 4D) . Pre-incubation with SMI-4a and AZD1208 significantly decreased LPS-stimulated ICAM1 mRNA expression and release of sICAM1.
To determine the effect of PIM kinase inhibitors on oxidative stress, media from foetal membranes pre-incubated with SMI-4a and AZD1208 then stimulated with LPS, as detailed above, was assayed for 8-isoprostane, a marker of lipid peroxidation. Foetal membranes pre-treated with SMI-4a and AZD1208 significantly reduced LPSstimulated 8-isoprostane release (Fig. 4E) .
Effect of siPIM1 on pro-inflammatory cytokines and chemokines in primary amnion cells
Functional siRNA studies where then performed to further elucidate the role of PIM1 in the generation of pro-labour mediators. For these studies, we used primary amnion cells isolated from fresh foetal membranes. The efficacy of siRNA knockdown is demonstrated in Supplementary  Fig. S1 . When compared to siCONT transfected cells, siPIM1 transfection resulted in a 75% decrease in PIM1 mRNA abundance. There was no effect of siPIM1 on cell viability as determined by MTT cell viability assay.
For subsequent experiments, after siRNA transfection, cells were treated with TNF. As expected, in siCONT transfected cells, TNF significantly increased IL6, CXCL8 and CCL2 mRNA abundance (Fig. 5A-C) . In addition, the secretion of IL6, CXCL8 and CCL2 was also significantly augmented by TNF treatment (Fig. 5D-F) . The effect of siPIM1 was a significant decrease in the expression and secretion of pro-inflammatory cytokines and chemokines induced by TNF.
Effect of siPIM1 on the PTGS2-prostaglandin pathway in primary amnion cells
The effect of siPIM1 on PTGS2 and PGF 2α in the presence of TNF is demonstrated in Fig. 6 . As expected, in siCONT transfected cells, treatment with TNF significantly increased PTGS2 mRNA abundance and the release of PGF 2α . In cells transfected with siPIM1, there was a significant women after term spontaneous labour onset and delivery (n = 9 patients per group). (D-F) Foetal membranes were obtained from women not in labour at preterm Caesarean section with intact membranes (preterm no labour intact; n = 9 patients), from women at preterm Caesarean section not in labour with PROM (preterm no labour PROM; n = 9 patients), and after preterm spontaneous labour onset and delivery (preterm after labour; n = 9 patients). (G-I) Amnion was obtained from women at preterm Caesarean section with or without histological chorioamnionitis (n = 8 patients per group). (A, D, G) PIM1 mRNA abundance was analysed by qRT-PCR. (B, C, E, F, H, I) PIM1 protein expression of the long (PIM-1L) and short (PIM-1S) isoforms was analysed by western blotting and normalized to ACTB protein. A representative western blot from four patients per group is also shown. All data are displayed as mean ± SEM. *P < 0.05 versus term no labour (Student's t-test); **P < 0.05 versus preterm no labour no chorioamnionitis (Student's t-test). PIM, Moloney murine leukaemic virus; ACTB, β-actin.
decrease in TNF-stimulated PTGS2 mRNA abundance and subsequent PGF 2α release.
Effect of siPIM1 on the ECM degrading enzyme MMP9 in primary amnion cells
The effect of siPIM1 on the expression of the ECM degrading and remodelling enzyme MMP9 expression in primary amnion cells is depicted in Fig. 7 . In siCONT transfected cells, TNF significantly increased MMP9 mRNA expression (Fig. 7A ) and pro-MMP9 secretion (Fig. 7B) . This increase was significantly suppressed in cells transfected with siPIM1.
Discussion
This study, for the first time, reports increased PIM1 mRNA and protein expression in human foetal membranes after spontaneous labour Figure 2 Effect of PIM kinase inhibitors on LPS-induced pro-inflammatory cytokines in foetal membranes. Human foetal membranes were preincubated in the absence or presence of 20 μM SMI-4a (SMI) or 50 μM AZD1208 (AZD) for 60 min and then treated with 10 μg/ml LPS for 20 h (n = 6 patients). (A-C) IL6, CXCL8 and CCL2 mRNA expressions were analysed by qRT-PCR and the fold change was calculated relative to LPS. (D-F) The incubation medium was assayed for concentration of IL6, CXCL8 and CCL2 by ELISA. All data are displayed the mean ± SEM. *P < 0.05 versus LPS (SMI); # P < 0.05 versus LPS (AZD; one-way ANOVA). IL6, interleukin-6.
and delivery at term and in amnion with histological preterm chorioamnionitis. Functional studies, using chemical inhibitors of PIM1 activity in foetal membranes or siRNA in primary amnion cells, revealed that PIM1 is involved in the genesis of pro-inflammatory and pro-labour mediators induced by bacterial products LPS and flagellin, and pro-inflammatory cytokine TNF.
PIM1 expression is increased in a number of inflammatory states. The overexpression of PIM kinase has been demonstrated in various human cancers (Nawijn et al., 2011) , inflammatory bowel disease , cigarette smoke-induced airway inflammation (de Vries et al., 2014) and infection with Epstein-Barr virus (Rainio et al., 2005) . Furthermore, PIM1 expression is correlated with the degree of Figure 3 Effect of PIM kinase inhibitors on flagellin-induced pro-inflammatory cytokines in foetal membranes. Human foetal membranes were preincubated in the absence or presence of 20 μM SMI-4a (SMI) or 50 μM AZD1208 (AZD) for 60 min and then treated with 250 μg/ml flagellin (flag) for 20 h (n = 6 patients). (A-C) IL6, CXCL8 and CCL2 mRNA expressions were analysed by qRT-PCR and the fold change was calculated relative to flag. (D-F) The incubation medium was assayed for concentration of IL6, CXCL8 and CCL2 by ELISA. All data are displayed the mean ± SEM. *P < 0.05 versus LPS (SMI); # P < 0.05 versus LPS (AZD; one-way ANOVA).
mucosal inflammation in vivo (Shen et al., 2012) . Inflammation is a common finding in term labour (Keski-Nisula et al., 2003) with increased production of pro-inflammatory cytokines by infiltrating leukocytes into uterine tissues (Osman et al., 2003; Bollopragada et al., 2009) . At least 40% of spontaneous preterm births are associated with bacterial infection (Menon and Fortunato, 2007; Patni et al., 2007; Romero et al., 2007) ; chorioamnionitis is an acute inflammation of the foetal membranes typically due to ascending polymicrobial bacterial infection (Kim et al., 2015) . Bacteria release endotoxins and exotoxins, causing an inflammatory cascade that leads to preterm birth; namely, activation of Figure 4 Effect of PIM kinase inhibitors on LPS-induced prostaglandins, adhesion molecules and lipid peroxidation in foetal membranes. Human foetal membranes were pre-incubated in the absence or presence of 20 μM SMI-4a (SMI) or 50 μM AZD1208 (AZD) for 60 min and then treated with 10 μg/ml LPS for 20 h (n = 6 patients). (A, C) PTGS2 and ICAM1 mRNA expression were analysed by qRT-PCR and the fold change was calculated relative to LPS. (B, D, E) The incubation medium was assayed for concentration of PGF 2α , sICAM1 and 8-isoprostane by ELISA. All data are displayed the mean ± SEM. *P < 0.05 versus LPS (SMI); # P < 0.05 versus LPS (AZD; one-way ANOVA). ICAM1, intercellular adhesion molecule 1.
transcription factors, such as NF-κB, leads to the increased production of pro-inflammatory cytokines and chemokines, prostaglandins and metalloproteinases, culminating in uterine contractions and/or membrane rupture (Goldenberg et al., 2000) . Thus, in corroboration with the studies above, where PIM1 is increased with inflammatory states, PIM1 was increased in human foetal membranes after spontaneous labour and delivery at term and in preterm amnion with histologically confirmed chorioamnionitis. It should be noted that some of the normal term labouring samples may have identifiable chorioamnionitis. Studies have shown that decidual inflammation may be detected in up to 29% of term pregnancies without ruptured membranes after the onset of labour (Keski-Nisula et al., 2000) . In this study, none of the term samples were assessed for histological chorioamnionitis. Furthermore, the gestational age was significantly lower in the chorioamnionitis group compared to group without chorioamnionitis. Although this is expected as infection is the biggest aetiological factor in pregnancies <32 weeks gestation (Goldenberg et al., 2008) , the possibility of temporal changes in PIM1 expression cannot be excluded. The PIM1 gene has different translation initiation sites resulting in two isoforms, PIM-1L (44kD) and PIM-1S (33 kD). In this study, both isoforms were detected in foetal membranes; however, only the PIM-1L isoform was shown to be increased with human term labour and preterm chorioamnionitis. Notably, PIM-1L contains an additional proline-rich PXXP motif at the N-terminus which allows PIM-1L to interact with more proteins and crosstalk with more signalling networks (Xie et al., 2006) . These findings suggest that this extra motif may be responsible for the regulatory actions of PIM1 kinase in human foetal membranes, however, further investigation is needed.
In contrast to the term studies, there was no difference in PIM1 expression between preterm non-labouring and labouring foetal membranes. Additionally, in the absence of labour, there was no change in PIM1 expression associated with PPROM, compared to membranes that were artificially ruptured at delivery. There are a number of possible reasons for this. First, the sampling site was different in the term and preterm samples. In the term study, foetal membranes were obtained from the site overlying the cervix (SCS) in the non-labouring samples and along the tear line in the labouring samples. When compared to foetal membranes obtained more distally, they exhibit an altered morphology and are characterized by a thinning or the absence of decidua (Malak and Bell, 1994; El Khwad et al., 2005; Reti et al., 2007) . On the other The incubation medium was assayed for pro-MMP9 expression by gelatin zymography. Representative zymography image from one patient. For all data, the fold change was calculated relative to TNF-stimulated siCONT transfected cells and data displayed as mean ± SEM. *P < 0.05 versus TNF-stimulated siCONT transfected cells (one-way ANOVA). MMP9, matrix metalloproteinase-9.
hand, foetal membranes for the preterm studies were obtained close to the peri-placental edge where the foetal membranes consisted of amnion, chorion and decidua. Second, there may be an overall increase in inflammation associated with preterm deliveries that blanketed any further effect of labour or rupture of membranes. In the absence of labour, indications for preterm delivery in this study were placenta praevia, placental abruption and APH, which are closely related to inflammation (Buhimschi et al., 2010) . Third, there is evidence that term labour and preterm labour are significantly different, albeit in myometrium (Tattersall et al., 2008) .
Bacterial products LPS and flagellin, and pro-inflammatory cytokine TNF, have all been shown to induce the expression of proinflammatory cytokines, prostaglandins and MMPs in foetal membranes (Lim et al., 2014a; Lappas, 2015a) , which all contribute to the rupture of membranes. Further, LPS and TNF can induce preterm birth in animal models (Elovitz and Mrinalini, 2004; Sadowsky et al., 2006) . Lossof-function studies were performed to assess the role of PIM1 in the genesis of pro-inflammatory and pro-labour mediators induced by LPS, flagellin and TNF. Foetal membrane explant cultures were used to assess the effect of two chemical inhibitors of PIM1 activity (SMI-4a and AZD1208) while siPIM1 experiments were performed in primary amnion cells. Pre-treatment with inhibitors SMI-4a and AZD1208 decreased both LPS and flagellin-induced expression of pro-inflammatory cytokines and chemokines, prostaglandin PGF 2α , adhesion molecule ICAM1 and oxidative stress marker 8-isoprostane. Similarly, in cells transfected with siPIM1, there was a decrease in TNF-stimulated expression of proinflammatory cytokines, chemokines, PTGS2 and prostaglandins, and MMP9 expression. Our studies demonstrate that PIM1 regulates the expression of pro-inflammatory and pro-labour mediators in foetal membranes in the presence of bacterial infection and inflammation; given the importance of inflammation in the processes of labour, our studies indicate that PIM1 may play an important role in the mechanisms that contribute to membrane rupture.
In non-gestational tissues, PIM1 regulates inflammation by regulating the RELA component of nuclear factor kappa B (NF-κB). PIM kinases induce the proteasomal degradation of the NF-κB inhibitor alpha (NFKBIA) leading to nuclear localization of RELA and subsequent activation of an array of RELA target genes (Hammerman et al., 2004 (Hammerman et al., , 2005 Nihira et al., 2010) . PIM1 can also directly activate NF-κB signalling by phosphorylating RELA at Ser276 (Nihira et al., 2010) . NF-κB plays a central role in human parturition (Lappas et al., 2002; Lindstrom and Bennett, 2005; Lappas and Rice, 2007) . Specifically, labour and delivery have been associated with changes in RELA content in human foetal membranes (Vora et al., 2008) , cervix (Stjernholm-Vladic et al., 2004) and myometrium (Chapman et al., 2004; Choi et al., 2007) and increased RELA DNA binding activity in human foetal membranes (Allport et al., 2001) . Furthermore, NF-κB induces the transcription of pro-labour genes in response to proinflammatory cytokines such as TNF and bacterial products (Lim et al., 2014a; Cookson et al., 2015) . Studies are now currently underway to determine if PIM1 kinase regulates pro-inflammatory and pro-labour mediators in human myometrium via NF-κB.
In conclusion, we have demonstrated that PIM1 kinase is increased with spontaneous term labour and delivery and preterm chorioamnionitis. Chemical inhibitors of PIM1, SMI-4a and AZD1208, decreased LPS and flagellin-stimulated expression of pro-inflammatory and prolabour mediators in foetal membrane explants. Gene knockdown of PIM1 using siRNA in primary amnion cells showed a decrease in TNFinduced pro-inflammatory and pro-labour mediators. The crucial role of PIM1 kinase in regulating pro-inflammatory and pro-labour mediators makes it an attractive target for preventing and/or treating preterm birth. in vivo animal models are, however, required to investigate whether inhibiting PIM1 kinase may be of therapeutic benefit as a treatment regimen for spontaneous preterm birth. Noteworthy, numerous PIM1 inhibitors are currently in clinical trials of various cancers including haematologic malignancies (Raab et al., 2014) .
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